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Abstract The ability of Staphylococcus aureus to develop
multidrug resistance is well documented, and the antibiotic
resistance showed by an increasing number of bacteria has
shown the need for alternative therapies to treat infections,
photodynamic therapy (PDT) being a potential candidate.
The aim of this study was to determine the effect of
photodynamic therapy as a light–based bactericidal modality
to eliminate Staphylococcus aureus. The study investigated
a technique based on a combination of light and a
photosensitizer that is capable of producing oxidative
species to induce a cytotoxic effect. A Staphylococcus
aureus suspension was exposed to a light emitting diode
(LED) emitting at 628 nm, 14.6 mW/cm2, and energy density
of 20J/cm2, 40J/cm2, or 60 J/cm2 in the presence of different
porphyrin concentrations (Photogem®). Three drug concen-
trations were employed: 12 μl/ml, 25 μl/ml, and 50 μl/ml.
The treatment response was evaluated by the number of
bacterial colony forming units (CFU) after light exposure.
The results indicated that exposure to 60 J/cm2 eliminated
100% (10 log10 scales) of bacteria, on average. The best PDT
response rate to eliminate Staphylococcus aureus was
achieved with exposure to LED light in combination with
the photosensitizer at concentrations ranging from 25 μl/ml
to 50 μl/ml. These data suggest that PDT has the potential to
eliminate Staphylococcus aureus in suspension and indicates
the necessary drug concentration and light fluency.
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Introduction
Staphylococcus aureus is one of the most common bacteria
present at infected soft tissue lesions [1]. Wound infections
are typically treated by oral and topical application of
antibacterial agents, in addition to other possible treatments
[2, 3]. However, the emergence of strains resistant to
antibiotics has provided the need for alternative antimicro-
bial approaches to overcome these resistant agents.
One potential alternative of microbiological control is
photodynamic antimicrobial chemotherapy (PACT). PACT
follows principles similar to those of photodynamic therapy
(PDT), which is more widely known for its application to
the treatment of cancer lesions. PACT can be defined as
eradication of target cells by reactive oxygen species
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produced by interaction of a chemical photosensitizer (PS)
and light of appropriate wavelength (ideally at the maxi-
mum absorption of the PS [4]. Therefore, the development
of resistance to PACT would be improbable, since its
bactericidal activity is due to singlet oxygen and other
reactive species [5–7].
The use of PACT is quite well reported in the literature.
Chan and Lai [8] have shown that photodynamic therapy in
association with mechanical debridement was effective in
the prevention of the re-colonization of subgingival lesions
by oral pathogenic microorganisms. Komerik et al. [9] also
demonstrated, in an in vivo model, a toluidine blue-
mediated lethal photosensitization of Porphyromonas gin-
givalis, also resulting in decreased bone loss.
Many studies have investigated the anti-staphylococcal
activity following exposure to toluidine blue O (TBO) and
a suitable activating light source [10–12]. The use of
porphyrins as photodynamic antimicrobial drugs can be an
attractive option for PACT, when the advantage of non-
pigmentation of the treated tissues or adjacent region is
being considered. Photoactivated porphyrins display potent
cytotoxic activity towards a variety of Gram-positive
bacteria. The required property for photosensitization of a
microbial cell is the binding of porphyrin to cytoplasmic
membrane in a pH-dependent manner [13].
Although the best results described in scientific literature
have been obtained using conventional laser to perform
illumination, non-laser light sources have also been used
[14, 15]. Zanin et al. [16] verified that a large number of
bacteria present in Streptococcus mutans biofilms were
killed when treated with TBO as a PS and irradiated with
either helium–neon (He-Ne) laser or a light-emitting diode
(LED). Those authors observed that the association of a PS
and LED was more effective than PS and He-Ne treatment
when 3-day-old and 7-day-old biofilms were exposed to an
energy density of 294 J/cm2. The use of more cost-effective
light sources for PACT can be beneficial for the fast
dissemination of this technique.
When Wilson and Pratten [17] utilized the photosensi-
tizer toluidine blue at concentrations of 12.5 μg/ml and
25 μg/ml, they observed a reduction in the number of
colony forming units (CFUs) per milliliter of Staphylococ-
cus aureus; for 50 μg/ml, a significant difference in
numbers of CFUs/ml was observed in comparison with
those in the control group. A statistically significant
reduction in the number of viable cells was obtained under
high light doses (66 J/cm2, 132 J/cm2 and 264 J/cm2).
The purpose of our study was to evaluate the effective-
ness of PACT, using two different light sources, on the
viability of S. aureus, previously photosensitized with
different concentrations of a hematoporphyrin derivative.
The comparison of the efficiencies of laser and LED
sources for PACT is important for a broader application.
Materials and methods
Strain and medium
S. aureus [American Type Culture Collection (ATCC)
6538] was grown aerobically in 5 ml of Muller Hinton
broth (DIFCO) for 24 h at 37°C. An aliquot of 500 μl of
broth with bacteria was diluted in a saline solution, and the
microorganism population was counted in CFUs/ml. An
amount of 500 μl, approximately 1×1010CFUs/ml, was
placed in each well.
Photosensitizing agent and light sources
Photogem®, a hematoporphyrin derivative (Photogem,
Moscow, Russia) was diluted in saline solution just before
its use. The concentrations investigated were 12 μg/ml,
25 μg/ml and 50 μg/ml. Two light sources were used: a
diode laser (Ceralas 630, Ceramoptec, Germany), set at
50 mW/cm2 and emitting at 630 nm, and a homemade
LED-based device. The laser was delivered by a fiber optic,
and the beam was adjusted to illuminate three wells; this
was determined as the maximum area with a uniform
irradiation. The LED-based device was especially designed
to illuminate the culture plate with an irradiance of
14.6 mW/cm2 and centered emission at 628 nm (typical
emission band of 23 nm). Eight red LEDs (Norlux, USA)
were mounted in an aluminum plate and a glass plate,
80 mm from the emitters, resulting in the uniform
illumination of an area 112 mm×122 mm.
Photodynamic antimicrobial chemotherapy
Aliquots (500 μl) of the bacterial suspension (approximately
1010 CFUs/ml) were transferred to separate wells of a 24-well
microtiter plate. Equal volumes of porphyrin were added,
resulting in final concentrations of 12 μg/ml, 25 μg/ml or
50 μg/ml. The samples were divided into 28 experimental
groups (Table 1), and three replicates were performed. After
Table 1 Distribution of the experimental groups G1–G28. Porphyrin
and light parameters
Parameter Absence of
porphyrin
12µg/ml 25µg/ml 50µg/ml
Absence of light G1 G2 G3 G4
LED 20 J/cm2 G5 G6 G7 G8
LED 40 J/cm2 G9 G10 G11 G12
LED 60 J/cm2 G13 G14 G15 G16
Laser 20 J/cm2 G17 G18 G19 G20
Laser 40 J/cm2 G21 G22 G23 G24
Laser 60 J/cm2 G25 G26 G27 G28
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2 min in the dark (pre-irradiation time), the wells were
exposed to laser or LED light. For laser illumination,
only three wells were used each time to achieve uniform
light delivery. With the experimentally designed LED
device, it was possible to illuminate all 24 wells at once.
The fluencies investigated for both light sources were
20 J/cm2, 40 J/cm2 and 60 J/cm2, corresponding to
irradiation times of 3 min and 20 s, 6 min and 40 s, and
10 min, respectively, for laser light, and 22 min and 50 s,
45 min and 40 s, and 1 h 8 min and 30 s, respectively, for
LED light. This was a result of the different irradiance
levels achieved by the light sources.
These PACT groups were designated as S+L+. Two
negative controls were also investigated to determine the
individual effects of light (S−L+) and photosensitizer (S+L−).
Suspensions not exposed to the PS or light (S−L−) comprised
the non-treated control group. All parameters investigated for
each experimental group are shown on Table 1.
For each well, ten-fold serial dilutions were carried out
and 25 μl was plated onto mannitol salt agar, which was then
incubated aerobically at 37°C for 48 h before the number of
viable colonies was determined. Analysis of variance
(ANOVA) was applied to test the significance of the effects
of both factors (porphyrin and light) and their interaction, at a
5% significance level. This analysis was complemented by
Tukey’s statistical test, also at a 5% significance level, for a
multiple comparison of averages, two by two.
Results
Table 2 presents the number of CFUs/ml for all investigated
groups. The higher porphyrin concentrations of 25 μg/ml
and 50 μg/ml showed a small dark cytotoxic effect; no effect
was observed with 12 μg/ml. The illumination without
porphyrin sensitization did not show any specific correlation
between bacteria counting and fluency, or with light source,
and those results were not statistically different from those of
the non-treated control group (P>0.05). All PACT groups
(S+L+) showed decreased bacteria count, with a greater
decrease for higher porphyrin concentrations and fluencies.
The groups irradiated with LED at 60 J/cm2 showed
microorganism elimination at either 25 μg/ml or 50 μg/
ml. With a fluency of 40 J/cm2, at the same porphyrin
concentrations, the bacteria reduction was of 99.99%.
Figures 1 and 2 show the susceptibility of S. aureus to
PACT for LED and laser, respectively, as a function of total
delivered fluency. The PACT response, evaluated by the
Parameter Absence of porphyrin 12µg/ml 25µg/ml 50µg/ml
Absence of light 1.87×1010 aA 9.5×109 aA 3×108 aB 6×108 aB
LED 20 J/cm2 2×109 bA 8×108 aB 4×107 bB 1.3×107 bB
LED 40 J/cm2 9.63×109 cA 1.2×105 bB 5.46×104 cB 1.3×103 cB
LED 60 J/cm2 2.3×1010 aA 5.7×103 bB 0 cB 0 cB
Laser 20 J/cm2 2×109 bA 9.28×107 bB 3×10 5 aB 3.36×106 bB
Laser 40 J/cm2 1.65×109 bA 1.48×107 bB 9.48×105 bB 8.35×105 bB
Laser 60 J/cm2 2.32×1010 aA 1.48×105 cB 2.6×103 cB 8.8×102cB
Table 2 PACT response evalu-
ated by CFU/ml for all experi-
mental groups
The same lower case letters in
the same column do not show
statistical difference (P<0.05)
The same capital letters in the
same line do not show statistical
difference (P<0.05)
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Fig. 2 Staphylococcus aureus count (CFU/ml) after treatment with
different porphyrin concentrations and laser total fluency
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Fig. 1 Staphylococcus aureus count (in CFUs/ml) after treatment
with different porphyrin concentrations and LED total fluency
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number of bacterial colony forming units, is presented for
the different porphyrin concentrations with LED illumina-
tion (Fig. 1). The effect of the light for each fluency used
was evaluated after the samples had been irradiated without
porphyrin sensitization and is compared with the PACT
results. Figure 2 shows the results obtained under the same
porphyrin concentrations and fluencies with laser illumina-
tion. The best PDT response to eliminate Staphylococcus
aureus was achieved with exposure to LED light in
combination with the photosensitizer at concentrations
ranging from 25 μm/ml to 50 μm/ml.
Discussion
This study showed that exposure of bacterial cultures to
light in the presence of a hematoporphyrin derivative
(Photogem®) as a photosensitizer resulted in a dose-
dependent decrease in microorganism viability. The most
effective combinations were with photosensitizer concen-
trations of 25 μg and 50 μg and 628 nm LED illumination
of 60 J/cm2. The PACT groups illuminated with 630 nm
diode laser at 60 J/cm2 also showed a drastic decrease at
these higher porphyrin concentrations, statistically similar
to the LED results. To exclude the possibility that the
absorption of laser and LED energy by porphyrin and
culture medium could result in a temperature rise, and then
in thermal effects, we did a test, monitoring the temperature
for the total illumination time under the same parameters
for both light sources. No temperature increase over 1.5°C
was observed.
Successful PDT involves the optimization of a large
number of parameters. Obviously, selection of an effective
photosensitizer is essential for the success of the technique.
As well as being non-toxic to humans, the ideal photosensi-
tizer needs to absorb light at a compatible wavelength and
show high quantum efficiency [8]. The use of low-power
light by PACT has the advantage of achieving a bactericidal
effect without inducing damage to the host tissues [17].
Paulino et al. [15] showed a photo-induced destruction of S.
mutans without fibroblast death. S. mutans and fibroblasts
were treated with different concentrations of Rose Bengal (0–
50 μM) irradiated with light (400–500 nm) for different
exposure times (0–40 s). The photocuring unit (PC) had the
following characteristics: 350–500 mJ/cm2 of light emitted at
a wavelength range of 400–500 nm. Dose-dependent cell
death for S. mutans from 54.5 mJ/cm2 to 216.6 mJ/cm2 was
clearly observed. Fluencies over 216.6 mJ/cm2 (this value
corresponding to an illumination of 20 s) and up to 433.2 mJ/
cm2 induced 100% cell death of S. mutans. Under light
exposure and Rose Bengal concentrations above 0.5 μM all
S. mutans were killed, with no cytotoxic effects to the
fibroblasts.
Although most PDT applications are still mainly associ-
ated with a laser light, non-laser light sources have also
been used. In the past few years the development of LED
technology made possible its use in phototherapy (and PDT
in particular). LED technology may offer several advan-
tages for clinical and laboratory use. Two major character-
istics in favor of LED use are cost and versatility. LED is
less expensive than the laser devices, and an array can be
assembled in several geometries and irradiance settings.
The number of photosensitizers undergoing various
stages of clinical trials is large and includes various types
of tetrapyrrolic rings, such as porphyrin derivates, phytha-
locyanines and chlorines. These compounds are all charac-
terized by a Soret absorption band between 400 nm and
430 nm and smaller absorption bands above 550 nm [14].
The use of porphyrins as photosensitizers has been proven
to be efficient in controlling Gram-positive microorganisms
[15]. These study results are encouraging and indicate a
new possibility for bacterial control.
The in vitro results of our study demonstrated that exposure
of Staphylococcus aureus culture (ATCC 6538) to laser or to
LED in the presence of a photosensitizer resulted in a
decrease in cell viability. The more effective combinations
were with porphyrin used in concentrations of 25 μg/ml or
50 μg/ml and 638 nm LED illumination at 60 J/cm2. A
decrease of 10 log10 (100%) was achieve for the species
investigated; with LED at 40 J/cm2 and with 630 nm diode
laser at 40 J/cm2 and 60 J/cm2, there was a decrease of 8 log10
(99.99%). Both light sources were equivalent for PACT
illumination; there was no statistically significant difference
when the same light doses were compared. Schmidt et al. [18]
also obtained similar antimicrobial responses when laser and
LED devices were used at 100 J/cm2 with a previous
sensitization with 1.6 mg/kg of Photofrin®.
The photosensitizer dark effect was evaluated for the three
concentrations used (12 μg/ml, 25 μg/ml and 50 μg/ml) with
the bacteria count after porphyrin incubation for the longest
exposure time used in the illuminated groups. The group
treated with 12 μg/ml of porphyrin did not show significant
statistical difference when compared with the non-treated
control group. A reduction in the numbers of CFUs/ml, with
significant statistical difference when compared with the
non-treated control group, was observed when concentra-
tions of 25 μg/ml or 50 μg/ml of porphyrin were used. When
Wilson and Pratten [17] utilized the photosensitizer TBO at
concentrations of 12.5 μg/ml and 25 μg/ml, they observed
a reduction in the numbers of CFUs/ml of Staphylococcus
aureus but with no significant statistical difference from the
control group. Only for a concentration of 50 μg/ml was a
significant difference verified.
A small decrease in the number of viable cells (CFUs/ml),
except for with LED at 40 J/cm2 and 60 J/cm2 and laser at
60 J/cm2, was observed in our study in the groups treated
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with laser or LED irradiation in the absence of a photosen-
sitizer. Wilson and Pratten [17] found a statistically
significant reduction in the number of viable cells when
high doses (66 J/cm2, 132 J/cm2 and 264 J/cm2 had been
used). In other studies, when only light was used, without a
photosensitizer, no differences between the control and
experimental groups were observed [11, 12, 19].
The use of porphyrin, an already well-established
photosensitizer for PDT for malignant lesions, may repre-
sent a good choice for the potential PACT treatment of
infected lesions, especially in consideration of its non-toxic
effect on healthy tissues under the concentrations that will
probably be required for this application.
Conclusion
The results of our study showed that PACT has in vitro
bactericidal action on Staphylococcus aureus, presenting
complete elimination when illuminated by LED at 60 J/cm2
and with porphyrin concentrations of 25 μg/ml or 50 μg/ml.
Laser and LED-based devices are adequate and equivalent
light sources for in vitro PACT. The important light
parameter in the in vitro PACT is the total delivered
fluency at specific wavelength range, more than the light
source type.
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